Advances in the neurobiology of growth factors, neural development, and prevention of cell death have resulted in a heightened clinical interest for the development of protective and regenerative neuromodulatory strategies for the cavernous nerves (CNs), as therapies for prostate cancer and other pelvic malignancies often result in neuronal damage and debilitating loss of sexual function. Nitric oxide released from the axonal end plates of these nerves within the corpora cavernosa causes relaxation of smooth muscle, initiating the haemodynamic changes of penile erection as well as contributing to maintained tumescence; the loss of CN function is primarily responsible for the development of erectile dysfunction (ED) after pelvic surgery and serves as the primary target for potential neuroprotective or regenerative strategies. Evidence from pre-clinical studies for select neuromodulatory approaches is reviewed, including neurotrophins, glial cell line-derived neurotrophic factors (GDNF), bone morphogenic proteins, immunophilin ligands, erythropoetin (EPO), and stem cells. (Asian J Androl 2008 Jan; 10: 54-59) 
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Introduction and background
The clinical potential of neuromodulatory therapy is based upon the recognition that although the peripheral nervous system demonstrates an intrinsic ability to regenerate after injury, this endogenous response is somewhat limited and does not usually allow for a full recovery of function [1] . Erectile dysfunction (ED) remains a common cause of significant post-operative morbidity for men undergoing radical therapies for prostate cancers or other pelvic malignancies, as the cavernous nerves (CNs) are inadvertently axotomized, lacerated, or stretched at time of surgery [2, 3] . Contemporary data indicates that the probability of ED following radical prostatectomy for clinically localized cancer of the prostate is 20-90% at 24 months [2] . Although refinements in anatomic surgical technique, as evidenced by an improved understanding of penile autonomic innervation and the implementation of such innovative technological advances as laparoscopic and robot-assisted surgery, has led to significant improvements in post-operative erectile function, most men demonstrate compromised erectile function (delayed, compromised or lack of post-surgical potency) as varying degrees of CN damage occur even with successful bilateral nerve-sparing procedures [4] . With CN compromise (ranging from neuropraxia to lethal axonal damage), well-defined pathobiological changes are observed in the penis, including apoptosis of smooth muscle and endothelium, reduction of nitric oxide synthase (NOS) nerve density, up-regulation of fibroproliferative cytokines such as transforming growth factor beta (TGF-β), and smooth muscle fibrosis or loss [1, 2] . Additionally, the chronic absence of erection secondary to CN neuropraxia results in failure to achieve cavernosal cycling between flaccid and erect state, with the potential for further structural damage to the cavernosal smooth muscle [5] .
Preservation of the CNs during radical prostatectomy is a key variable for maintaining post-operative erectile function because downstream events, including smooth muscle apoptosis, cavernosal fibrosis, and venous leak are thought to result from CN injury; a clear clinical need for the development of therapeutic neuromodulatory interventions has been defined, as both sympathetic and parasympathetic pelvic innervation is at high risk of injury during surgery or radiation therapy for prostate, bladder, and colorectal malignancies [2] [3] [4] . For example, achieving cancer-control, continence and potency is limited to approximately 60% of men at 24 months after having open radical retropubic prostatectomy for clinically localized disease [6] .
Penile erection, controlled by adrenergic, cholinergic, and nonadrenergic noncholinergic (NANC) neuroeffectors of the CNs, is often compromised by these treatments and patient and partner quality-of-life is markedly reduced [7] . Accumulating evidence suggests that a return to potency following injury to the CNs is partially dependent upon axonal regeneration in the remaining neural tissues and several treatment strategies offering the potential to facilitate recovery are currently under investigation in animal models, including neurotrophins, growth factors, immunophilin ligands, and stem cells [8] [9] [10] . Collateral sprouting of axons occurs acutely following injury to adult peripheral neurons and growth cones target local environments supportive of regeneration [11] . However, the specific molecular mechanisms responsible for survival and the preservation of function for adult parasympathetic ganglion neurons, including the CNs, following injury remain incompletely understood.
Although phosphodiesterase type-5 (PDE-5) inhibitors have revolutionized the treatment of ED, compromised erectile function following radical prostatectomy remains a therapeutic challenge [12] . The restoration of erectile function is optimized only if it becomes possible to stimulate nerve growth to re-establish penile innervation and surviving or recoverable axons are protected in the posttraumatic period from further deterioration or death. As the molecular understanding of the neural response to injury and mechanisms of recovery expands, treatment strategies using signalling pathway modulators, neurotrophic factors, stem cells, or novel combinations of these molecules/agents, offer the potential to modulate the CN microenvironment and promote repair and survival [13] .
Neurotrophins
Neurotrophin polypeptides regulate neuronal survival though a series of signaling pathways, including those mediated by G-proteins, ras, cdc-42/ras/rho, and PI-3 kinase cascades [14] . The ability of neurotrophic factors to enhance functional recovery after cavernosal nerve injury has been shown via direct injection of neurotrophic factors and gene therapy with adeno-associated virusmediated neurotrophic factor production [15]. Brainderived neurotrophic factor (BDNF), a member of the mammalian family of neurotrophins which also includes nerve growth factor (NGF), and neurotrophins 3, 4, and 5, has been the focus of intense investigation because of its central role in neuronal development, maturation, survival after injury, and demonstrable retrograde axonal transport to the cell body [16] . Retrograde transport of neurotrophic factors occurs as molecules are taken up by the neural synapses of the corpus cavernosum and travel to the major pelvic ganglion to exert their neuroprotective/regenerative effects [17].
BDNF
A growing body of literature suggests BDNF may represent a promising neuromodulatory therapeutic agent, enhancing neuronal survival, differentiation, and regeneration alone or synergistically with other molecules. Functional studies have determined that BDNF-secreting fibroblasts promote recovery of bladder and hindlimb function following spinal cord contusion, while Lue's group has demonstrated BDNF-enhanced recovery of erectile function, BDNF/vascular endothelial growth factor synergies, and regeneration of neuronal NOS (nNOS)-containing nerve fibres [18, 19] . BDNF has been shown to exert its effects on several classes of neurons, acting in an autocrine or paracrine fashion early after nerve injury when a rapid influx of growth factors occurs distally to the site of trauma. Recent identification of the JAK/STAT signaling pathway as the primary mechanism responsible for in vitro BDNF-mediated cavernous neurite outgrowth (Figures 1 and 2 ) and subsequent observations that CN axotomy up-regulates in vivo expression of penile BDNF and leads to endogenous activation of the JAK/STAT pathway illustrates both the gaps in contemporary knowledge and the potential for elucidating these important mechanisms [8, 14, 16] . Subsequently, the membrane receptors JAK1 and JAK2, and downstream molecules including STAT1, 2, 3 and 5 have become key components for further study of the CN response to injury.
http://www.asiaandro.com; aja@sibs.ac.cn neuritogenic factor for penile erection-inducing postganglionic neurons via a neurotrophic signaling mechanism distinct from other parasympathetic neurons and mediated by the GDNF family receptors α1, α2 (predominant) and α4 [22] . Bella et al. [20] first demonstrated neurturin's ability to confer an in vivo advantage for the functional recovery of erectile function following CN injury, as neurturin applied directly to the area of CN injury facilitated the preservation of erectile function as compared to untreated control rats and those treated with extended release neurotrophin-4 [20] . Neurturin facilitated the preservation of erectile function, with a mean ICP increase of 55% (net increase of 62.0 ± 9.2 cm H2O (P < 0.05 vs. control), and the extended 5-week course of treatment was well tolerated. Subsequently, Kato et al. [21] reported the use of a herpes simplex virus vector expressing GDNF as the delivery mechanism to the site of injury, with significant functional recovery observed as well. As penis-projecting pelvic neurons express nNOS and GFRα2, accumulating tissue culture, cell-line, in vivo signaling, and functional evidence suggests that neurturin and GDNF play a role in regeneration, as well as maintenance, of adult parasympathetic neurons.
GDF-5
Growth differentiation factor-5 (GDF-5), a member of the TGF-B superfamily, is a more recently isolated neurotrophic factor and is classified as a bone morphogenic protein [23] . GDF-5's molecular structure was first characterized in 2005 and effector pathways include intermediary mitogen-activated protein kinase (MAPK)-dependent pathways [24] that effector pathways include intermediary serine/threonine kinase receptors, namely, bone morphogenic protein (BMP) receptor Ib (BMPRIb), BMPR2 and activin receptor 2 (ACTR2), which modulate Smad and p38 MAPK-dependent pathways [24] . Fandel et al. [23] have shown dose-dependent functional improvements for recovery of erectile function following bilateral crush injury in the rat, with lower concentrations of this neurotrophic factor resulting in a doubling of mean peak intracavernous pressures (electrostimulation) compared to controls [23] . Follow-up studies have confirmed the neuromodulatory effects of GDF-5, as functional recovery is accompanied by nNOS neuronal preservation and decreased levels of apoptosis [25] . GDF-5 is an atypical neuromodulatory agent with some promise. Although neurobiological properties have not been fully determined (particularly in the peripheral nervous system), the bone regenerative properties have been well characterized in animal models and a human pilot clinical study is underway for this indication [26] .
Immunophilin ligands
Immunophilin ligands represent an exciting new class of agents with well-characterized pre-clinical neuroprotective and neuroregenerative properties [1] . The neurotrophic characteristics of immunophilin ligands hold potential for the treatment of many urological and nonurological neurotraumatic or neurodegenerative conditions, including spinal cord injury, peripheral neuropathies, and ED following radical pelvic surgeries [13, 27] . Immunophilin ligands include cyclosporine and FK 506 (also known as tacrolimus), agents that bind to immunophilin receptors and cellular signaling proteins present in immune and neural tissue [6] . Using models of CN crush injury in the rat, tacrolimus was found to preserve function, reduce neural degeneration and stimulate axonal regrowth [9, 27, 28] . Valentine et al. [9] recently reported preserved CN architecture with prevention of CN axonal degeneration following 1-day and 7-day courses of FK 506 treatment, while Sezen et al. [27] clearly demonstrated functional recovery for FK 506 treated animals versus controls (treatment at time of crush . 57 .
Tel: +86-21-5492-2824; Fax: +86-21-5492-2825; Shanghai, China and on successive days). Concerns remain about the potential applicability of these therapies in patients treated for malignancies due to FK 506's immunosuppressant qualities. However, dose levels of FK 506 used in humans with rheumatoid arthritis (typically 2-3 mg/day) do not induce immunosuppression (versus daily 5-mg doses utilized following transplantation procedures), therefore supporting further research efforts focused on this promising pathway [13, 29] .
GPI 1046 and FK 1706 non-immunosuppressant immunophilin ligands
Non-immunosuppressant forms of immunophilin ligands, such as FK 1706 and GPI 1046, represent a new class of candidate neurogenerative and neuroprotective compounds which may ultimately may be preferred to the immunosuppressive immunophilins (FK 506, cyclosporine A, and rapamycin). Although the mechanism by which FK 1706 promotes preservation and functional recovery of neurons is incompletely understood, it is likely independent of FKBP-12 binding, subsequent calcineurin inhibition, and the disruption of the cytokine synthesis cascade [30, 31] . Current evidence suggests the neuromodulatory actions occur via an anti-apoptotic effect, protecting neurons by the upregulation of glutathione (antioxidant) and production of neurotrophic factors. Immunophilins target only injured nerves and molecular signaling for FK 1706 and GPI 1046 likely involves immunophilin type-specific binding proteins expressed by damaged neurons, as reported for FK 506 [30] [31] [32] . For example, the neurotrophic effects specific to FK 1706 appear to be putatively mediated via FK 506 binding protein (FKBP) subtype-52 and activation of the Ras/Raf/MAPK signaling pathway, resulting in NGFmediated neurite outgrowth [33] . Neither calcineurin inhibition nor binding to FKBP-12 are necessary for the neurotrophic activity of immunophilin ligands, suggesting that the neuroregenerative and immunosuppressive properties can be separated.
In a bilateral CN crush model, FK 1706 has been shown to enhance the recovery of erectile function in a concentration dependent manner, with higher dose treatment group showing a statistically significant elevation of Intracavernous pressure (ICP) compared to vehicleonly treated control animals (73.9 vs. 34.4 mean cm H2O) and low/medium FK 1706 groups (improvement of more than 60%) [34] . Groups were treated with subcutaneous injection of vehicle (control) alone (1.0 mL/kg), or low (0.1 mg/kg), medium (0.32 mg/kg) or high dose (1.0 mg/kg) FK 1706 5 days per week for 8 weeks. It is uncertain whether FK 1706 has more potential in vivo than FK 506, but FK 1706 has proven more effective at provoking NGF-induced neurite outgrowth in vitro [33] . Oral and intraperitoneal administration of GPI 1046 results in similar erectile function recovery to that of FK 506 in both unilateral and bilateral CN-injured animals following shortterm 1-and 7-day administration. Prevention of axonal degeneration is observed in 83% of unmyelinated axons [9] . Animals exposed to longer than 5 days duration of FK 506 treatment have been reported to lose their ability to gain weight and some expired secondary to chronic, high-dose FK 506 administration [13, 35] ; this morbidity has not been seen to date with either the Guildford (now MGI) Pharmaceuticals compound GPI 1046 or Astellas Pharmaceuticals' FK 1706. An initial clinical trial with this class of agents using GPI 1485 (phase II multicenter, randomized double blind placebo-controlled three armed study) in 197 men undergoing bilateral CN sparing radical prostatectomy for prostate cancer did not reveal significant differences between treatment groups [36] . However, further study of the potential of non-immunosuppressant immunophilin ligands seems warranted as other neuromodulatory compounds from this group may demonstrate meaningful efficacy for promoting the recovery of potency after radical prostatectomy. From a safety standpoint, GPI 1046 has not shown mitogenic effects on human prostate cancer cells in vitro, making it less likely that these molecules will negatively impact cancer progression or recurrence biology [13, 37] .
Erythropoetin (EPO)
EPO receptor expression has been localized to human penile tissues and in the periprostatic neurovascular bundles responsible for erectile function [38] . Allaf et al. [39] have also investigated the effects of recombinant human EPO (rhEPO), a cytokine-hormone, on erectile function recovery in a rat model of CN injury, demonstrating statistically significant normalization of intracavernous pressures compared to controls (treatment group-rhEPO 5 000 U/kg daily for 14 days versus one day prior plus one hour prior to injury administration) for treated cohorts [39] . Electron microscopy confirmed significant improvement in axonal regeneration for rhEPO treated groups 14 days after injury. This agent has also shown CNs efficacy via cytoprotection, neurogenesis, and decreased subventricular zone morphologic changes following ischemic brain injury in a rat model of stroke [40] . As well, EPO increased the percentage of newly generated neurons. Given these observations, further molecular and functional studies seem warranted following CN trauma.
Stem cells
Using stem-cell based therapy as a treatment for ED is an attractive concept and warrants mention; the reader is also referred to Kendirci's [41] excellent review of http://www.asiaandro.com; aja@sibs.ac.cn this topic in this issue. In time, stem cells may become key neuromodulatory agents following CN injury given that the time of injury is known prior to surgery, penile anatomy (external) allows for intracavernous introduction, and retrograde transport of potential therapeutic agents to the site of injury from the corpora is widely described. Several animals studies confirm proof-of-concept and encourage further research into this exciting potential neuromodulatory approach. Embryonic stem cells (ESC) that have differentiated along the neuronal cell line have been injected into the corpus cavernosum, influencing cavernosal nerve regeneration and functional erectile status after bilateral crush injury in the rat [40] . In this study, the maximal increase in intracavernous pressure following CN electrostimulation at three months was markedly enhanced for ESC treated groups, and examination of penile nerves demonstrated a greater degree of nerve regeneration by immunohistochemical NOS-containing nerve and neurofilament staining [40] . Kendirci et al. [41] have demonstrated that injection of nonhematopoetic bone marrow stem cells that are selected according to p75 NGF receptor status confer a treatment effect in the bilateral CN crush rat model as measured by intracavernous pressure response to electrostimulation. The same group has also demonstrated similar neuromodulatory potential using mesechymal stem cells in aged rats [42] . Finally, Lue's group at the University of California San Francisco have demonstrated that adult adipose tissuederived stem cells (ADSCs) increase in vitro neurite growth from the major pelvic ganglion (from which the CNs originate) of the rat [43] . The most intriguing aspect of the latter investigation is that ADSCs were not induced towards a particular lineage (ie. endothelial or neural) prior to use.
Conclusion
A paradigm shift in the management of prostate cancer occurred with the introduction of CN-sparing radical prostatectomy by Walsh and Donker, and the widespread availability of effective, safe, and well-tolerated oral therapies for ED. Although cancer-control is the most important outcome measure for any treatment of malignancy, a growing emphasis on health-related quality of life has thrust sexual function into the forefront of post-operative clinical concerns. Increasing attention has been given to strategies enhancing CN recovery in the face of treatments for prostate cancer and possibly other nontraumatic neurogenic ED disease states such as diabetes mellitus. Unfortunately, clinical management of CN injury remains 'reactive', as there are currently no treatments that have been shown to confer therapeutic benefits if given at or around the time of injury. The identification of novel molecules that promote CN regeneration or offer neuroprotection, combined with new insights for the mechanism(s) of CN recovery, may translate into novel treatments for neuropathic ED via neuromodulatory interventions. 
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